The competing reactions in the thermal unimolecular decomposition of acetic acid were examined theoretically. Calculations of the transition state structures, the activation energies, and the intrinsic reaction coordinates (IRC) for the two competing reaction paths were performed by using the molecular orbital and the density functional theory. The potential barrier heights were mostly the same for the two competing reaction paths, which were consistent with previous studies. An examination of the mode coupling between the IRC and vibrational modes predicted no significant difference in the rates for the corresponding paths in agreement with experimental results. This is different from the case of formic acid which was reported in our previous paper of this series. The unimolecular reaction rate seems to be controlled by the number of effective vibrational modes which couple strongly with the IRC before the reactant arrives at the transition state.
Introduction
In our knowledge, most of the thermal unimolecular reaction occurs simultaneously with a few competitive reactions [?,?,?,?,?,?,?,?,?,?] . However, it is hard to deter-mine the rate constant of each reaction path separately because of the complication due to consecutive reactions. Nevertheless, the investigation of the branching for these reaction paths is important not only for the reaction control in the industrial chemical systems but also for the kineticists to clear the dynamic behavior of each reaction path. The thermal decomposition of formic acid is known to occur with two reaction paths, i.e., dehydration and decarboxylation. In our previous shock tube study of the decomposition, Saito et al. found that the rates of these two competing paths differed substantially by about 30 times [?] . While, recent theoretical calculations gave similar potential barriers and also estimate nearly equal rate constants [?, ?, ?, ?, ?, ?, ?, ?] . This discrepancy between our experiment and these theoretical calculations seems to be attributed to calculation methods of the rate constant. Although the utility of the transition state theory and the RRKM theory is convenient to obtain the rate constant easily, the dynamic behavior along the reaction coordinate is not considered in these calculations. Recently, in the first paper of the series, we have discussed the relationship between the reaction rate and the curvature of the reaction path in the case of formic acid [?] . In this paper, it was found that in the dehydration path only one vibrational mode couples strongly with the intrinsic reaction coordinate (IRC) [?] in the course of the reaction, while in the decarboxylation path three modes mainly participate in the reaction. That is, the number of the effective mode which gives and takes the energy with the direction along the IRC is only one in the dehydration while the effective modes are three in the decarboxylation. In the present study, we try to confirm our proposal in the case of acetic acid. It is known that acetic acid has competing paths as follows,
where, reaction (3) of two-step mechanism was proposed in a theoretical research [?] .
A shock tube study suggested the products of reaction (1) and (2) In this paper, we treat the reaction of acetic acid in which the degree of freedom of the vibrational mode is larger than that of formic acid. In the previous paper [?],
we treat the reaction of formic acid to solve the problem that one of the competing paths has abnormally large rate constant although the potential energy height is mostly the same with the other path. We think that it is very important to resolve this problem, because it constructs the concept of the chemical reaction rate.
Methods of Calculation
Ab initio MO and the DFT calculations are carried out with the GAUSSIAN98 [?] program package. All geometries of the reactants, products, and transition states (TSs) are determined with analytically calculated energy gradients at the DFT using 
where s and p s are the reaction coordinate (IRC, in this case) and its conjugate momentum, respectively, V 0 (s) is the potential energy along the IRC as a function of s, and Q k and P k are coordinates and momenta for vibrations perpendicular to the IRC, with frequencies ω k (s). The curvature coupling element B k,F mixes the vibrational mode k with the reaction coordinate s, and the intermode Coriolis coupling element B k,k mixes the vibrational mode k and k . These are defined as
where 
3 Results and Discussions
Rate constants and kinetics
Fig . 1 shows the schematic energy profile with zero-point energy corrections and optimized geometries for cis-, trans-acetic acid, TSs for path (1), (2) and (3). And Table 1 shows relative energies using various calculation levels of theory. These geometries are quite similar to the previous results of ab initio calculations [?, ?, ?] .
Calculated vibrational frequencies at the B3LYP/cc-pVTZ level are given in Table   2 .
Using these results, rate constants for path (1), (2) and (3) 
The IRC calculations
To get much information for the potential energy surface of the reaction path, the IRC calculations are performed for each path. In the following discussion, we limit our attention to paths (1) and (2). For a two-step reaction path (3), since energy redistribution between vibrational modes will occur in an intermediate compound,
it is difficult to discuss the dynamics of the reaction from the reactant to the product along the IRC. Vibrational frequencies along the IRC for the two paths are shown in Fig. 3 (a) and (b). And the corresponding behavior of couplings with the IRC are shown in Fig. 4 (a) and (b). The horizontal line means the mass-weighted reaction coordinate in both figures and zero corresponds to the TS. Positive and negative sides correspond to the product and the reactant from the TS, respectively. In the case of path (1), there are a few vibrational modes that relate directly with the reaction, for example, the CH stretching. In this reaction path, one of hydrogen atoms in the CH 3 group transfer to the OH group, then produce CH 2 CO and H 2 O. This behavior reflects in the curvature of the IRC. As seen in Fig. 4(a) , only one large peak arises at around s = 0.5. By examining the vibrational character, it is found that the mode to contribute mainly at this peak is the CH stretching. That is, the energy transfer between the CH stretching and the IRC becomes larger at this region. It is noted that some vibrational modes such as the CH stretching and the HCH twisting contribute to the curvature in the range of negative s. A similar discussion is done for path (2). As seen in Fig. 3(b) , there are a few vibrational modes that couple to the IRC strongly. These are the CO and the OH stretching modes. For the corresponding curvature, Fig. 4(b) , one large peak arises at around s = 0.5, the same position as path (1) accidentally. The main components to contribute to this peak are the CO and the OH stretching modes respectively. Additionally, some vibrational modes such as the OH stretching and the CH 3 rocking are contributed to the curvature in the range of the negative s. Here, if we discuss the decomposition rate, it is important to consider the negative s region, since the reaction rate depends on the time to take from the initial reactant state to the TS. The positive s region rather corresponds to the product information.
Since there is the kinetic energy for each vibrational mode in the reacting molecule, the real reaction paths deviate from the IRC. Nevertheless, the importance of the behavior around the IRC was pointed out by Michalak and Ziegler, [?] using the ab initio molecular dynamics simulations. From our present calculations, not only the potential barrier heights are similar in the two paths but also the behavior around the IRC are not different from each other. Furthermore, before the reactions arrive at the TS, some vibrational modes strongly couple to the IRC, indicating that the energy transfer happens between the IRC and these vibrational modes. In the previ-ous paper, [?] we have discussed the relation between the amount of energy transfer between vibrational modes (or the number of the couplings) and the reaction rate.
From our theoretical studies it seems that both reaction paths for the acetic acid decomposition proceed statistically on the contrary to formic acid. That is, in the case of acetic acid, the experimental results may be explained reasonably by the statistical theories, and it is difficult to distinguish the rates between the two paths. This is consistent with the experimental results.
Difference of reactivity between formic and acetic acid
In this section, we discuss the difference in the competing reactions between formic and acetic acid. These are fatty acids including one and two carbon atoms, and both have similar competing decomposition paths in the gas phase. In the case of formic acid, the following mechanism is given, i.e., dehydration (7) and decarboxylation (8).
It is noted that path (7) proceeds through the three-center TS, on the other hand, path (8) proceeds through the four-center TS. As briefly mentioned in Introduction, [?, ?, ?, ?, ?] . Therefore, at a first glance, the rate constants are expected to be the same order for the two paths, contrary to the experiment. In fact, theoretical calculations using the statistical method (the transition state theory) gave similar rate constants [?] . On the other hand, for acetic acid the competing paths proceed through four-center TSs. It has been confirmed by previous experiments that the rate constants of path (1) and (2) are nearly equal.
Also, theoretically, previous investigations and present calculations give comparable energy barrier heights for these paths resulting the similar rate constants.
According to the classical RRK theory, the high pressure rate constant is given as follows,
where, ν is the vibrational frequency for the critical oscillator, E and E 0 are the total and critical energy, and s is the number of classical oscillators. From Eq. (9), one can find that the larger the number of s becomes, the smaller rate constant becomes. However, the concept of "classical oscillator" is not clear in the RRK theory. In general, the number of classical oscillators is interpreted as the number of effective vibrational mode which contributes to the reaction. These correspond to vibrational modes contributing the curvature of the IRC. In the case of acetic acid, the number of vibrational modes contributing to the curvature is similar whereas, this number differs in the case of formic acid, i.e., that for the path (7) is less than that for the path (8) at high pressures. This implies that the rate of reaction (7) is larger than that of reaction (8). In order to evaluate the rate quantitatively, we need more detailed information for reaction paths of these molecules.
To discuss the reactivity of the unimolecular reaction, various information about the process from the reactant to the transition state is important, not just only the TS. In the case of acetic acid, many vibrational modes contribute to paths (1) and (2) until the reactant reaches to the TS. On the other hand, in the case of formic acid, the characteristics are different between paths (7) and (8). The number of vibrational modes that couple to the IRC for path (7) is abnormally less compared to path (8). Furthermore, the magnitude of the couplings between vibrational modes in the reactant through path (7) is also smaller compared to path (8). In other words, the energy transfer between vibrational modes is constrained in path (7). These phenomena suggest that it is difficult to exchange the energy of vibrational modes with the IRC mode smoothly. The slow exchange of intramolecular vibrational energy redistribution between active and inactive vibrational states is known as 'non-RRKM behavior' [?] . In the case of path (7), the behavior is likely to this.
From above discussions, reasons for the difference of the reactivity between formic and acetic acid are appeared. First, the difference of the number of the degree of freedom differs in these molecules, i.e., nine for formic acid and eighteen for acetic acid. The RRKM behavior is expected for the molecules which have large number of degree of freedom, for example, more than ten. Second, the character of the intramolecular energy transfer of each path to the TS, couplings with the IRC and couplings between vibrational modes is different in the two acids. It seems that the difference of the reactivity for the competing paths arises for small molecules which have the vibrational freedoms around ten.
Summary
In this paper, we have studied the unimolecular decomposition of acetic acid using the MO and DFT theory, and examined the character around the IRC in detail It was found that difference of the reactivity between formic and acetic acid was originated not only the number of degree of freedom in the molecule but also from the amount of coupling between the IRC and vibrational modes. It is seemed that dehydration of formic acid is the special case, i.e., a kind of intrinsic non-RRKM behaviors.
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• Fig.1 Relative energy profile of competing decomposition pathways for acetic acid with zero-point energy corrections. MP4/cc-pVTZ//B3LYP/cc-pVTZ level of theory.
• Fig.2 Comparison of rate constants. Solid and dashed lines indicate calculated and experimental rate constants, respectively. Calculated rate constants are obtained using the conventional transition state theory in temperature range of 1300 -2000 K.
• Fig.3 Vibrational frequencies for the decomposition of acetic acid along the IRC using B3LYP/cc-pVTZ level of theory. (a)path (1) and (b)path (2).
• Fig.4 The IRC curvatures κ and coupling |B| with the IRC for the decomposition of acetic acid along the IRC using B3LYP/cc-pVTZ level of theory. 
